The Southeastern United States is an ideal location to understand the interactions between mountain building, rifting, and magmatism. Line 2 of the Suwannee suture and Georgia Rift basin refraction seismic experiment in eastern Georgia extends 420 km from the Inner Piedmont to the Georgia coast. We model crustal and upper mantle V P and upper crustal V S . The most dramatic model transition occurs at the Higgins-Zietz magnetic boundary, north of which we observe higher upper crustal V P and V S and lower V P /V S . These observations support the interpretation of the Higgins-Zietz boundary as the Alleghanian suture. North of this boundary, we observe a low-velocity zone less than 2 km thick at~5-km depth, consistent with a layer of sheared metasedimentary rocks that forms the Appalachian detachment. To the southeast, we interpret synrift sediments and decreasing crustal thickness to represent crustal thinning associated with the South Georgia Rift Basin and subsequent continental breakup. The correspondence of the northern limit of thinning with the interpreted suture location suggests that the orogenic suture zone and/or the Gondwanan crust to the south of the suture helped localize subsequent extension. Lower crustal V P and V P /V S preclude volumetrically significant mafic magmatic addition during rifting or associated with the Central Atlantic Magmatic Province. Structures formed during orogenesis and/or extension appear to influence seismicity in Georgia today; earthquakes localize along a steeply dipping zone that coincides with the northern edge of the South Georgia Basin and the change in upper crustal velocities at the Higgins-Zietz boundary.
Introduction
Many questions remain about the style of orogenesis in ancient orogens and the effects of orogenic structures on later tectonic events. The style of orogenic deformation is influenced by the amount of total shortening, the degree of obliquity of collision, rheological contrasts between terranes, and properties of preexisting weak zones such as sedimentary layers from continental margins (e.g., Pfiffner, 2017) . For example, mechanically weak, anisotropic, and/or low-velocity detachment layers have been identified in regions with large amounts of orthogonal collision such as the Himalayas (Schulte-Pelkum et al., 2005) and the central Andes (Yuan et al., 2000) , and steeply dipping structures are thought to form in regions with significant transpression (e.g., Kashubin & Juhlin, 2010; Schreurs & Colleta, 1998; Teyssier et al., 1995; Wilson et al., 2004) . Identifying and characterizing structures in ancient orogens can enable improved reconstructions of their histories; however, this often proves difficult. The southern Appalachians are one of the best-known ancient orogens, yet the locations, ages, and geometries of major sutures and the resulting lithospheric configuration remain controversial.
The lithospheric configuration created by orogenesis, including crustal faults and shear zones, can also influence later tectonic events, such as continental rifting. Inherited crustal weaknesses can come in the form of thermal, compositional, or structural features that preferentially accommodate deformation if favorably oriented (e.g., Beaumont & Ings, 2012; Chenin et al., 2015; Dunbar & Sawyer, 1989; Gernigon et al., 2014; Keranen & Klemperer, 2008; Manatschal et al., 2015; Seranne et al., 1995; Thomas, 2006; Tommasi & Vauchez, 2001) . Recent examinations of structural inheritance in eastern North America and other ancient and active rifts suggest that preexisting structures may be particularly important in localizing extension during the early phases of continental rifting . Analyzing the role of preexisting orogenic structures on subsequent rifting requires high-quality data that constrain the geometry, properties, and role of inherited structures in individual orogenic systems. Finally, structures formed during past orogenesis and rifting may control present-day intraplate deformation (Pratt et al., 2015) , so better constraints on crustal structures can improve our understanding of modern seismicity.
This study focuses on the southeastern United States to examine the relationship between preexisting orogenic structures, rifting, and magmatism. Because this region was central to the building of the Appalachian orogen, extension to form rift basins along the eastern margin including the South Georgia Basin, emplacement of the large Central Atlantic Magmatic Province (CAMP), and finally breakup of Pangea and opening of the Atlantic Ocean, it is an ideal location for this study. In this paper, constraints on V P and V S from a seismic refraction profile in eastern Georgia are used to constrain lithologic properties of the crust including accreted terranes, the locations and geometries of suture zones between terranes, and the role of orogenic structures on subsequent rifting, magmatism, and modern seismicity.
Tectonic Background
The Appalachian orogen was built during the Ordovician-Silurian Taconic orogeny, the Devonian Acadian and Devonian-Mississippian Neoacadian orogenies, and the Pennsylvanian-Permian Alleghanian orogeny (e.g., Hatcher et al., 2007; Hibbard et al., 2012) . The first two orogenies were terrane accretion events, while the final orogeny resulted in the closure of the Iapetus Ocean and formation of the Pangea supercontinent. After the amalgamation of Pangea, extension beginning in the late Triassic (~230 Ma) formed a series of basins, including the South Georgia Rift basin (e.g., Withjack et al., 2012) . Extension associated with basins in the southern segment of the Eastern North American Margin may have ceased by~205 Ma (Withjack et al., 2012) and was followed by extensive magmatism from the CAMP at~201 Ma (Blackburn et al., 2013; Marzoli, 1999) and the successful breakup of Pangea afterward. Because the southeastern United States was central to these mountain-building, rifting, and magmatic events, its crustal structure records the interactions between these processes.
Paleozoic Orogenic Events and Terrane Accretion
Here we focus on the expression of orogenic events in the southernmost Appalachians. The terranes covered by our study are the Inner Piedmont, Carolina, Charleston/Brunswick, and Suwannee terranes (Figure 1 ). To the north of the sediment-covered coastal plain, the boundaries between accreted terranes at the surface have been identified based on abrupt contrasts in stratigraphy, metamorphic histories, composition, and tectonic structures (e.g., Williams & Hatcher, 1982) ; the Inner Piedmont, Carolina, and small parts of the Charleston/Brunswick terrane lie north of the coastal plain, while the southern part of the Charleston/Brunswick terrane and the Suwannee terrane lie beneath the coastal plain.
The Inner Piedmont consists primarily of metasedimentary rocks thought to have been deposited on oceanic crust outboard of the Laurentian margin and developed into an accretionary prism ahead of the Carolina Superterrane (Huebner et al., 2017; . The region can be divided into a western portion of Laurentian affinity rocks and an eastern portion of Laurentian and Peri-Gondwanan affinity rocks that accreted onto Laurentia during the Neoacadian orogeny (Huebner et al., 2017; . The Inner Piedmont is distinguished from the surrounding terranes by the relatively high metamorphic grade of its core (sillimanite I and II grade metamorphic rocks; Huebner et al., 2017) and is separated from neighboring terranes by highly sheared belts of lower grade rocks (Griffin, 1971) .
To the southeast, the peri-Gondwanan Carolina Superterrane comprises multiple subterranes including a primitive island arc sequence that amalgamated before accreting onto the Laurentian margin Whitney et al., 1978) and is largely composed of rocks of amphibolite and greenschist facies (Secor et al., 1986; Shervais et al., 2003) . The timing and nature of accretion of the Carolina Terrane is debated (e.g., Hibbard, 2000) but may have occurred during the Neoacadian orogeny in a transpressional regime along the Central Piedmont Suture, which separates the Carolina Terrane from the Inner Piedmont . In the southeastern United States, field mapping along the Central Piedmont Suture reveals a strong strike-slip component of motion from the reactivation of these faults during the subsequent Alleghanian orogeny Hooper et al., 1997; West, 1998) . The Inner Piedmont may have been migmatized by subduction beneath the Carolina Terrane when the Carolina Terrane accreted onto Laurentia, and then erosion exposed the highly metamorphosed Inner Piedmont Hatcher & Merschat, 2006) . Perhaps in contrast to geological evidence for transpression during the Alleghanian orogeny, COCORP (Consortium for Continental Reflection Profiling) reflection seismic images show a shallow reflective detachment at~2-to 4-s two-way traveltime (TWTT) that implies thin-skinned tectonic accretion of the Inner Piedmont and Carolina terranes (Cook et al., 1979; Cook & Vasudevan, 2006) .
Farther south, the origin, extent, and nature of terranes and boundaries between them are more uncertain because they are mostly covered by coastal plain sediments. The Brunswick/Charleston terrane, another peri-Gondwanan terrane, has been proposed to lie south of the Carolina terrane based on limited drill site and magnetic data Higgins & Zietz, 1983; Horton et al., 1989; Williams & Hatcher, 1982) . Although our knowledge of the lithology of the Brunswick/Charleston terrane is limited, available rock samples suggest that the terrane is composed of greenschist facies rocks of sedimentary and volcanic origin (Horton et al., 1989) . Finally, the Suwannee terrane is interpreted to lie farther south beneath southern Georgia and Florida, and it comprises Paleozoic sediments, granites, and felsic volcanic rocks thought to be derived from the African continent. A boundary of particular interest for this study is the Alleghenian suture that separates pre-Alleghanian Laurentia from the Brunswick/Charleston and Suwannee terranes that accreted onto Laurentia during the final orogeny that built the Appalachians-the Alleghanian orogeny (320-260 Ma).
The surface location of the suture between pre-Alleghanian Laurentia and the Brunswick and Suwannee terranes and the geometry of this suture at depth remain a subject of debate. The change in magnetic character ( Figure 1b ) and observation of a southward dipping band of reflections (~40°) throughout the crust in COCORP data (McBride, 1991; supported the interpretation of the Brunswick Magnetic Anomaly (BMA) as the Alleghenian suture ( Figure 1 ). However, drilling data suggest Gondwanan-affinity material lies north of this magnetic anomaly (Chowns & Williams, 1983) , leading to the suggestion that the Higgins-Zietz magnetic boundary, which coincides with the Carolina-Mississippi fault, may mark the Alleghenian suture (Higgins & Zietz, 1983 ; Figure 1 ). Recent receiver-function imaging of a dipping midcrustal feature that shallows at the Higgins-Zietz magnetic boundary (Hopper et al., 2017) and the geographic extent of relatively undeformed Suwannee Basin sediments that predate the Alleghenian orogeny (Boote & Knapp, 2016) provide evidence that the Higgins-Zietz boundary marks the Alleghenian suture. Steltenpohl et al., 2008) , the outline of the South Georgia Basin (McBride et al., 1989) , COCORP reflection seismic lines (e.g., Cook & Vasudevan, 2006; , SESAME broadband seismometer locations (e.g., Hopper et al., 2017; Parker et al., 2015) , and the extent of the resulting receiver function CCP stack cross sections as underlying bright blue lines (Hopper et al., 2017) . RB = Riddleville Basin. (b) Map of magnetic anomaly data (high-resolution data set inside Georgia, Daniels, 2001, and World Digital Magnetic Anomaly Map outside Georgia, Maus et al., 2007) . Line 2 shots are numbered. SUGAR = SUwannee suture and GeorgiA Rift basin; COCORConsortium for Continental Reflection Profiling; SESAME = Southeastern Suture of the Appalachian Margin Experiment.
Recent findings that indicate that the Alleghanian suture lies north of the BMA raise questions about the origin and tectonic significance of the BMA itself. If the BMA is the boundary between the peri-Gondwanan Charleston terrane and the Gondwanan Suwannee terrane (Horton et al., 1989) , the distribution of undeformed Paleozoic sediments (Boote & Knapp, 2016) suggests these two terranes docked onto Laurentia together after the deposition of the Suwannee Basin sediments. In summary, many questions remain about the nature and existence of terrane boundaries beneath the coastal plain, including (1) the location of the Alleghanian suture, (2) the extent and affinity of terranes beneath the coastal plain, and (3) the tectonic significance of the BMA. We seek to shed light on these questions with new constraints on crustal structure from the SUGAR (SUwannee suture and GeorgiA Rift basin) experiment.
Mesozoic Extension and CAMP Magmatism
Collision to form Pangea was followed by widespread extension as early as the Middle Triassic. The timing of rifting along the eastern North American margin is constrained by the ages of growth strata in rift basins, which indicate earliest extension in the southeastern United States and progressively younger extension to the north (Withjack et al., 2012) . The South Georgia Basin is among the oldest of these rift basins, with extension occurring from~230 to 205 (Withjack et al., 2012) .
The current understanding of the distribution of synrift sediment deposition and crustal thinning is limited by available drill and seismic reflection data. COCORP reflection seismic data and well data show that the South Georgia Basin is a composite of asymmetric minibasins that may be up to 9 km thick, but sediment thickness is poorly constrained because of the paucity of velocity constraints on the basin sediments (Chowns & Williams, 1983; McBride et al., 1987) . Crustal thickness measurements come from passive source seismic imaging (Parker et al., 2013; Schmandt et al., 2015) and can be inferred from Moho reflections in COCORP reflection seismic profiles, but the former are of lower resolution than active-source seismic constraints, and the latter require assumptions regarding crustal velocity structure.
The association of rift basins in eastern North America with Paleozoic collisional structures has been interpreted as collisional structures influencing the formation of some rift basins (e.g., Schlische, 2003; Withjack et al., 2012) . However, in detail, this relationship is not always simple. For example, COCORP seismic reflection data suggest that the South Georgia Basin lies south of the Alleghenian suture in western Georgia (McBride, 1991) and that the rift basins are sometimes bound by north dipping border faults, in contrast to the southward dipping interpreted sutures .
Following the onset of extension, the laterally extensive CAMP was emplaced over a large region including eastern North America, eastern South America, western Africa, and parts of Europe at~201 Ma (Blackburn et al., 2013; Hames et al., 2000; Marzoli, 1999) . U-Pb dating of and stratigraphy surrounding CAMP volcanic rocks suggest emplacement occurred over this large area over a time span of less than a million years (Blackburn et al., 2013; Olsen et al., 2003) . Several origins have been proposed for CAMP, including thermal insulation beneath a super continent (Coltice et al., 2007) , edge-driven convection (Deckart et al., 2005; King & Anderson, 1998; McHone, 2000) , lithospheric delamination, and mantle upwelling (Callegaro et al., 2013; Whalen et al., 2015) , or a mantle plume (Janney & Castillo, 2001; Oyarzun et al., 1997; Wilson, 1997) .
Very few constraints exist on the distribution and volume of CAMP magmatic intrusions within the crust. Consequently, estimates of the total volume of CAMP are based primarily on shallow intrusives (e.g., McHone, 2003) . Bright reflections associated with interpreted sutures in seismic reflection data have been interpreted to indicate that sutures may control the emplacement of CAMP magmatism in the crust (Barnes & Reston, 1992; McBride & Nelson, 1988) , but the absence of information on deep crustal intrusions also leaves many questions on the influence of orogenic structures and extension on the intrusion of CAMP magmas.
Finally, extension farther east ultimately culminated in the breakup of Pangea and seafloor spreading offshore. The timing of offshore extension is not known, but links between onshore boreholes, offshore stratigraphy, and magnetic anomalies suggest that it followed CAMP (Klitgord & Schouten, 1986; Oh et al., 1991) . Like rift basins onshore, offshore extension is thought to have been influenced by orogenic sutures and other preexisting structures (e.g., Tommasi & Vauchez, 2001) .
By integrating new and existing constraints on suture zone locations and geometry, crustal thickness, and sediment thickness across the South Georgia Basin, we can provide additional constraints on the location and character of collisional structures, the amount of extension that occurred, and the extent to which preexisting weak zones from the Appalachian orogeny controlled the distribution of rifting.
Modern Seismicity
Lastly, despite the fact that the eastern United States is a passive margin, the east coast is seismically active today (e.g., Chapman et al., 2016; Sykes et al., 2008; Wu et al., 2015) . Seismicity in the eastern U.S. passive margin results from the balance of ridge push forces, glacial-isostatic adjustment, local stress field perturbations, and dynamic mantle processes (Ghosh et al., 2019) , which can then reactivate favorably oriented preexisting weak zones in the crust (Zoback, 1992) . The infrequent occurrence of large earthquakes such as the 1886 Charleston, SC, earthquake and the 2011 Mineral, VA, earthquake, however, illustrates the importance of characterizing the regional seismic hazard. In contrast to regions where dense seismic instrumentation and frequent seismicity make it possible to delineate active fault structures, the knowledge of such structures and their spatial extent is limited in the eastern United States. The role of ancient orogenic or rifting structures in recent intraplate earthquakes is controversial. In some cases, seismicity appears to reactivate old structures like the Appalachian detachment (Seeber & Armbruster, 1981) , but in others, a combination of newly formed faults and preexisting faults may be involved (e.g., in the Mineral earthquake, Pratt et al., 2015) or seismicity only weakly correlates to well-known ancient structures (Sykes et al., 2008; Wagner et al., 2018) . Further, because faults within continents tend to be loaded slowly by far-field tectonic forces, seismicity within continents is highly sensitive to surface processes and stress transfers from other faults. An important implication of this behavior is that seismicity within continents is best understood by modeling the intracontinental faults as a complex system and not as individual structures with characteristic earthquake recurrence intervals (Liu & Stein, 2016) . By better characterizing the geometries of structures formed during Appalachian orogenesis and rifting with respect to modern seismicity, we can better characterize the preexisting weak zones in the crust of the southeastern United States and evaluate the degree to which modern seismicity is controlled by those structures.
Existing Geophysical and Geological Data
Several geophysical data sets ( Figure 1 ) and geological observations from Georgia and the broader southeastern United States constrain properties of the crustal structure that complement crustal velocity measurements from the SUGAR refraction seismic experiment. COCORP reflection seismic lines image basin structure and reflectivity in the crust and of the Moho (e.g., Cook & Vasudevan, 2006; McBride, 1991; . They also image several prominent structures thought to form during orogenesis, including the bright, gently dipping Appalachian decollement beneath the Inner Piedmont and Carolina terranes and a zone of steeply dipping reflectivity interpreted as the Alleghenian suture. At broader length scales, receiver functions from the Southeastern Suture of the Appalachian Margin Experiment (SESAME) broadband seismic data provide constraints on V S in the upper crust (Parker et al., 2015) and on the geometry of interfaces where velocity increases or decreases with depth in the 1-to 33-s period band (Hopper et al., 2017) . Data from SESAME instruments were combined with data from the U.S. Transportable Array to image Earth structure over a broader region ( Figure 1a ). Recordings of wide-angle arrivals in the southern Appalachians from mine blasts provide spatially averaged V P /V S for the upper crust and whole crust (Hawman et al., 2012) . Finally, larger-scale investigations of crustal structure and Moho depth from the EarthScope transportable array provide regional backbone constraints (e.g., Schmandt et al., 2015) .
Refraction Seismic Data Set Acquisition and Analysis

Data Acquisition
The SUGAR project involved the acquisition of wide-angle seismic reflection/refraction data on three transects designed to cross several major features, including (1) the previously inferred extent of the South Georgia Basin (McBride et al., 1989) , (2) the Higgins-Zietz boundary (Higgins & Zietz, 1983) and BMA (e.g., Pickering et al., 1977;  Figure 2a ), both of which have been proposed as potential suture zones between terranes (Boote & Knapp, 2016; Chowns & Williams, 1983; Hopper et al., 2017; Lizarralde et al., 1994; Tauvers & Muehlberger, 1987) . SUGAR Line 2 is a 420-km line of 1981 receivers at a nominal spacing of~250 m that recorded 14 shots spaced at 20-50 km. The data were collected in August 2015. The map in Figure 1 shows the locations of shots and instruments for Lines 1, 2, and 3. The map also shows the locations of nearby reflection lines (Maus et al., 2007) along the SUwannee suture and GeorgiA Rift basin seismic line highlighting the Higgins-Zietz boundary and Brunswick Magnetic Anomaly. (b) Inversion result for P wave velocity structure masked to show parts of the model constrained by ray coverage. Moho picks from (Schmandt et al., 2015) are overlain on the model for comparison. Shot locations are listed at triangles above the model. Lines and labels above model indicate two Mesozoic rift basins: the Riddleville Basin (RB) and another south Georgia subbasin (Basin). (c) Four 1-D velocity profiles taken at 75, 160, 250, and 350 km. The profile at 75 km is plotted as a dashed gray line behind other 1-D velocity profiles for comparison. LVZ = low-velocity zone. from COCORP and broadband seismometers from SESAME, which provide complementary constraints on the structure of the crust.
IRIS PASSCAL provided the 1981 RefTek 125A dataloggers and Geospace GS11D 4.5-Hz geophones that recorded the seismic shots. Shot holes were 30.5 cm (12 in.) in diameter and cartridges 25.4 cm (10 in.) in diameter. The shots comprised cartridges filled with bulk emulsion blasting agent and primed with pentolite boosters. Shots were buried between 12 and 25 m beneath the surface, and the remainder of the shot hole was filled with gravel, drill cuttings, and bentonite. Shot locations, times, and charge sizes are listed in Table 1 . Sixteen teams of students deployed the geophones and dataloggers on 4-6 August, which recorded shots detonated at night on August 6 and 7. The teams then recovered the geophones and dataloggers on 8-9 August.
Because the geophones were deployed along roads but the shots were placed off the road in locations far from any structures for safety, there is some three-dimensionality to the geometry of shots and recording geophones on SUGAR Line 2 ( Figure 1 ). This three-dimensionality was especially large at near offsets between shots and receivers when the shots were located a few kilometers from the 2-D line.
Seismic Data Processing and Phase Identification
We applied basic signal processing techniques before picking arrivals, including bandpass filtering with cutoff frequencies of 3-14 Hz (P waves) and 0-8 Hz (S waves), weighting of traces by offset, applying appropriate reduction velocities for the phases being analyzed, trace mixing, and gain control (Cohen & Stockwell, 2002) .
In portions of the line with significant sedimentary layers, we observed P wave sedimentary refractions out to~15-km offset. Crustal refractions (Pg) are identified as first and secondary arrivals out to offsets up to 250 km, and we observe mantle refractions (Pn) on multiple shots, where the crossover distance of Pg and Pn decreases from a source-receiver offset of~180 km in the north to~160 km in the south. PmP arrivals were typically identified at offsets between 80 and 180 km. We picked P wave arrivals on all 14 shots including refractions through the sediments, crust, and mantle, and reflections off the Moho. We also observed midcrustal reflections but did not use them to constrain the velocity models because (1) they were difficult to correlate between shots, making their potentially steeply dipping geometry uncertain, and (2) did not appear to be associated with a slope change in crustal refractions and are therefore unlikely to be associated with a significant contrast in crustal velocity.
In addition to P wave arrival picks, we also identified S wave crustal refractions and often Moho reflections in the northernmost 10 shots. In the northern shots 2-4, we only observed Sg arrivals to offsets <100 km but observed clear arrivals on shots 5-12 near the center of the line out to offsets of 140 km. We observed SmS reflections at offsets of~80-140 km, which provide constraints on average V S of the crust. -5) . The reciprocity checks verify that traveltime from point A to point B is the same as from point B to point A, where A is the shot location and B is the receiver location. We also undertook forward modeling and inversion using RAYINVR (Zelt & Smith, 1992) to test phase identifications. Phase arrival picking was an iterative process where reciprocity checks from the highest signal-to-noise ratio shots helped constrain phase identifications on shots where the signal-to-noise ratio was lower. Error bars were visually assigned to picks including consideration for the alignment of reciprocity checks and ranged from 0.04 to 0.25 s, with smaller errors typically assigned at nearer source-receiver offsets (Tables 2 and 3) . Larger errors were also assigned where significant topography in Pg arrivals was associated with abrupt changes in basin thickness to account for the slight three-dimensionality of the source receiver geometry and to limit the extent to which an imperfect basin model modified upper crust velocities. (2) relatively high apparent velocities (~6.3 km/s) of arrivals at short source-receiver offsets reflecting relatively high upper-crustal velocities that are (3) followed bỹ 0.5 s delay in arrivals. This traveltime delay, which appears at~80-km offset on northern shots, cannot be modeled as a thickness change of low-velocity sedimentary material at the Earth's surface and therefore provides evidence for a low-velocity zone (LVZ) in the shallow crust. This traveltime delay is also observed in the data for Shot 8 in Pg arrivals at negative offsets, which sample crust in the northern portion of Line 2. Figure 5 shows data from Shot 17 with features more typical to shots from the southern half of the line, including (1) refractions through slow sediments that were used to constrain basin structure, (2) slower apparent velocities for Pg arrivals at near offsets compared with shots farther north, and (3) no shadow zone associated with an upper crustal LVZ.
Figures 6 and 7
show data examples from Shots 4 and 9 reduced at 4.0 km/s with picks on refractions through the upper crust. Although there is greater uncertainty in the S wave arrivals, there are many similarities between the S wave and the P wave data. We do not observe refractions through the sediment in the S wave data, but the traveltime delay to the first crustal refractions is greater where we observe greater sediment thickness in the P wave data. In the north, the apparent velocity of the crustal refractions implies relatively high upper crust S wave velocities 3.9 km/s followed by a traveltime delay at~50-km offset that is consistent with the LVZ we observe in the P wave arrivals. Although a delay can be observed, it is not possible to confidently pick refractions after the shadow zone, so we do not model it here.
The supporting information shows the remaining shot data and arrival picks that we used to invert for velocity structure. In sections 3.3-3.5 below, we describe how these arrivals were used to constrain inversions for the P wave, S wave, and V P /V S structure of the sediments, crust, and upper mantle along SUGAR Line 2.
Experiment Geometry and Model Setup
Refractions through the sediment, crust, mantle, and reflections off the Moho described in section 3.2 above were used to invert for the velocity structure of the crust and upper mantle. The shots were projected onto a two-dimensional line with end points at 34.101°N, 83.760°W and 30.743°N, 81.706°W. The source receiver offsets were taken from the real geometry and assumed to fall along this 2-D line; thus, the true sourcereceiver offsets were preserved. This projection introduces some error particularly where there are large changes in basin structure over the scale of a couple of kilometers because (1) the assumption of 2-D geometry is most likely to be incorrect at smaller source receiver offsets and (2) the regional basin structure is likely also three-dimensional and varies over spatial scales that are difficult to resolve precisely with our source and receiver spacing. The error introduced by projecting the slightly 3-D source-receiver geometry into a 2-D line, which can be expressed as the maximum variation in the location of a given receiver along the 2-D line for different shots, is usually less than 2 km but, in some cases, approaches 6 km. For this reason, larger uncertainties were often assigned to Pg and Pn picks near complex basins. The excellent correspondence of reciprocity checks of picks from different shots, which are calculated based on our 2-D geometry, shows that SUGAR Line 2 can be well modeled in two dimensions given some caution with the shallow basin structure.
Starting Model
Initial models for Line 2 were developed using RAYINVR, which uses a coarse velocity model parameterization with user-defined nodes (Zelt & Smith, 1992) . We used this code for iterative forward modeling and inversion to verify that phases were interpreted correctly, model the structure of basin sediments, and develop a 1-D starting model of the crust and upper mantle to combine with a forward modeled basin structure for finer-scale tomographic inversion modeling.
The basin structure was largely modeled in RAYINVR to incorporate both direct and indirect constraints on sediment velocities and thicknesses. The most direct constraints on basin structure from Line 2 are refractions through the sediment at small source-receiver offsets, but with an average shot spacing of 30 km, there were many gaps in coverage. To augment direct observations, we also use topography on Pg to further constrain basin structure. For example, higher basin thicknesses can be inferred where there is a consistent delay in Pg arrival times on multiple shots at a given distance along the 2-D line. Additionally, a sonic log from Well GGS-3080 between shots 10 and 12 constrained coastal plain and sedimentary basin velocities down to~1.25-km depth (Chowns & Williams, 1983; J. Knapp, personal communication, Apr. 24, 2017) . This forward modeled basin structure was then refined in the tomographic code VMTomo (e.g., van Avendonk et al., 1998; Roland et al., 2012 ; see following section).
The starting model for tomographic inversion included the basin structure, the approximate depth of the LVZ observed as a shadow zone in shot gathers, and average crustal and upper mantle velocities and depth to the base of the crust from forward modeling and inversion in RAYINVR described above. A 1-D crust and mantle velocity structure was assigned beneath the basin structure with a Moho depth set to 35 km. This starting modeling included an LVZ with a velocity and thickness that replicated the~0.5-s traveltime delay observed in shots from the northern portion of the seismic line at~80-km offset. Overall, we solved for smooth variations in crustal velocity with the tomographic inversion described in the next section, which did not allow the very steep vertical velocity gradients needed to explain this 0.5-s shadow zone to emerge unless a separate layer was included. We placed the low-velocity layer in the starting model deep enough for the crustal refractions arriving before the traveltime delay to travel above the LVZ at~5 km and dipping slightly to the southeast, which approximately corresponds with an~5-to 15-km-deep subhorizontal layer identified in other seismic studies near Line 2. In reflection seismic data, this layer appears as a highly reflective, laminated sequence (Cook & Vasudevan, 2006) and is modeled as an LVZ based on receiver functions from the SESAME passive source array (Parker et al., 2015) . Because our data only provide information on where this low-velocity feature exists and the observed traveltime delay, there are tradeoffs between the velocity and thickness of this low-velocity layer. Ultimately, we selected a model with a relatively thick low-velocity layer with relatively high velocities (e.g., which would be consistent with sheared and/or metamorphosed sediments), which seemed more geologically feasible than a thin layer with very low velocities given available constraints on rock velocities (Johnston & Christensen, 1992) . The lateral extent of the layer was estimated based on the distribution of records for which a shadow zone was observed.
Tomographic Inversion
Determination of the final velocity model entailed iterative ray tracing and inversion, with the goal of finding a smooth model that fits the traveltime data within its uncertainties. Updates to the model 
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were based on a cost function that includes both data misfit and smoothing constraints. Using the RAYINVR-based starting model described in the previous section, we used the code VMTomo to invert for the velocity structure shown in Figure 2b .
The version of VMtomo that we used was first developed by H. van Avendonk and updated by A. Harding. Details about the method and code are described in multiple references (van Avendonk et al., 1998 (van Avendonk et al., , 2004 Roland et al., 2012) and briefly summarized here. Models are parameterized using a slowness grid in which there are layer boundaries associated with laterally varying slowness jumps between layers. Rays are traced via the graph method through a 4,201 (x) by 654 (z) model grid (e.g., 0.1-km node spacing) to identify the shortest path from a source to the receivers given the ray type, which was either a refraction through a specified layer or a reflection off a specified boundary (Moser, 1991) . In addition to grid spacing, ray tracing depends on the forward star, which defines the dimensions of the iterative grid search that seeks to identify the shortest traveltime path connecting grid nodes (Moser, 1991) . The forward star varied during the inversion process but was, at minimum, six nodes across and nine nodes down.
The inversion algorithm uses damped least squares to reduce the difference between predicted and observed traveltimes in the layers of the model that are being inverted. As described in Roland et al. (2012) , there is subjectivity in how the inversion parameters are selected, which include constraints on model flatness and smoothness in the horizontal and vertical directions and the relative amount of regularization for slowness jumps and layer boundary depths. The advantages of this flexible process are that inversion parameters can be modified between iterations, and iterations can be rerun with new parameters when nongeological structures and/or structures that increase the model misfit are introduced. To minimize nongeological structures that sometimes emerged from inversion like ray streaks or LVZs not required by the data, we either applied additional smoothing following inversion and/or modified the regularization parameters. At the start of the inversion, we used higher values for damping (e.g., 100), flatness (e.g., 20), and smoothness (e.g., 20) and lowered the values as the model fit to the data improved. We balanced the flatness and smoothness constraints and found that an aspect ratio of 5 or 10, allowing more regularization in the horizontal than vertical direction, resulted in the model converging in fewer iterations to a reasonable solution.
We used a layer-stripping approach to invert for the velocity structure. The sediment structure modeled in RAYINVR was held fixed, and we started inversions in the crust above the LVZ. We increased the uncertainty on Pg arrivals to values up to 0.25 s in portions of the model where basin thicknesses changed abruptly. Because of the shot spacing and slightly three-dimensional experiment geometry, these increases in uncertainty helped prevent the inversion from building basin-related traveltime delays into the velocity structure of the upper crust. Once the χ 2 for refractions through the upper crust was approximately 1, we inverted for lower crust velocity structure. After improving the fit for the lower crust, we added reflections off the Moho and refractions through the upper mantle and inverted jointly for the velocities in the lower crust, mantle, and Moho depth. After all layers of the model fit the data reasonably well, we refined the sediment structure and upper crust structure using rays through deeper parts of the model to constrain the inversion. Figure 2b shows the final P wave velocity model along SUGAR Line 2, which provides constraints on the sedimentary, crustal, and upper mantle structure beneath several major tectonic features in the SE United States. This model fits the data well with a relatively smooth velocity structure and a Moho boundary that is consistent with the Moho depth from analysis of passive-source seismic data (Schmandt et al., 2015) . The final model has a chi-square value of 0.90 and an RMS (root-mean-square) misfit of 85 ms. Table 2 lists statistics of the fit between observed and predicted traveltimes for this model. Figures 3-5 show examples of arrival picks, the predicted traveltimes for the final model, and the rays traced through the model. North of the Higgins-Zietz magnetic boundary (0-125 km, Figure 2 ), we observe relatively high V P crust above an LVZ at~5-km depth. There is no significant sedimentary layer, and we observe the deepest Moho depths along the line at~39 km. South of the Higgins-Zietz boundary, our seismic observations do not require a low-velocity layer. The crust is thinner, and the Moho is observed at depths of~35 km. The sediment layer thickens to a maximum of 4 km. The data can be fit with a simple velocity structure without a large contrast in crustal velocities across the BMA. The following sections describe different portions of the model in more detail.
Results and Interpretation
V P Model
Sedimentary Structure
The final model includes two shallow layers with relatively low velocities that are interpreted as synrift and postrift sediment. Two layers were needed to satisfy the abrupt changes in velocity indicated by the apparent velocities of sedimentary refractions (e.g., Figure 4 ). The upper layer has velocities of 2.0-3.0 km/s and varies in thickness from 0 to 1.09 km. Comparison with nearby COCORP seismic reflection profiles indicate that this layer likely corresponds to a combination of coastal plain sediments and other underlying postrift sediments (McBride et al., 1987) . The lower layer has higher and more variable velocities of 3.6-5.7 km/s and variable thickness of 0-4.1 km and is interpreted to primarily represent synrift sediments.
A couple of distinct areas of thicker sediments are observed along the line at 150 and 250 km (Figure 2 ), which we interpret as Mesozoic rift basins. The basin at 150 km (Figure 2c , profile ii) is characterized by a thin upper layer with lower (2-3 km/s) velocities overlying a thicker layer of higher velocities of~5 km/s (Figure 4 ), whereas the basin at 250 km (Figure 2c , profile iii) includes~1 km of sediments with similarly low (~2.5 km/s) velocities underlain by a thin <0.5-km layer of higher-velocity sediments. The velocity model for the basin at 250 km was further constrained by well log data (Chowns & Williams, 1983; J. Knapp, personal communication, 2017 ) very close to our line at model distance 250 km, which indicate velocities less than <3 km/s to depths of 1 km. The contrast in velocity between the sediments in these two basins suggests that their physical properties are different, likely because of contrasting sediment compaction levels and/or composition. These two basins are separated by an area of thin postrift sediments and minimal to no synrift sediments. To the south, starting at~280 km, the sedimentary layer has a more constant thickness and velocity of~4 km/s until it abruptly deepens and increases in velocity at a distance of~400 km (Figure 2b) .
The lateral extent of these sedimentary basins and their thicknesses are broadly consistent with those from previous studies. Constraints on sediment thicknesses from COCORP reflection seismic lines in eastern Georgia near Line 2 show two subbasins separated by a region with thin to absent synrift sediment 
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Journal of Geophysical Research: Solid Earth (McBride et al., 1987) . The Riddleville Basin to the north is bounded by a southeast dipping fault and is up to 3 km deep (Petersen et al., 1984) , which is consistent with our observations of this basin located~150 km. A second basin is observed near the BMA that is at deepest~1.5 TWTT, similar to the basin located at 250 km on SUGAR Line 2. Although the COCORP lines are offset from the SUGAR lines, maps of the extent of basin sediments constrained by drill data support two similarly located Triassic basins and identify diabase intrusions in the southeastern basin (Chowns & Williams, 1983) .
Crustal Structure
The crustal velocity structure required to fit the data is surprisingly simple considering that this crust experienced multiple terrane accretion events during the Appalachian orogeny, CAMP magmatism, and extension during the breakup of Pangea. For the most part, crustal velocities range between 5.9 and 7.0 km/s and crustal thicknesses from the base of the sediments to the Moho range between 30.5 and 38.4 km. The average velocity for the full crust including the sediment is 6.2 ± 0.3 km/s, and the average velocity of crust excluding sediment is 6.5 ± 0.1 km/s. The crust was modeled as three layers to allow the inclusion of a low-velocity layer indicated by a shadow zone in the range 80-to 100-km offset on eight shots (e.g., Figure 4 ). The most notable lateral variation in velocity is observed in the upper crust (<10 km or above the LVZ), where the velocities on the northern part of the line are relatively high (~6.3 km/s) compared to crust at similar depths to the south (~6.1 km/s). The boundary between these two crustal domains occurs near the Higgins-Zietz boundary (Figure 2) . The high-velocity crust in the north is a robust feature that is apparent from the slopes of refractions from the upper crust on this part of the line (Figures 3 and 4 at negative offsets). To the south, there is no apparent lateral change in the upper crustal velocity structure associated with the BMA.
Below the upper crust, we infer an LVZ in the northern portion of the line based on the observation of a shadow zone on multiple shots at similar offsets. It lies at a depth of 4-6 km, as constrained by the maximum offsets of arrivals above the shadow zone. Because no rays turn within the LVZ, there are significant tradeoffs between thickness and interval velocity structure. Our constraints on the LVZ structure are that (1) it introduces a traveltime delay at 80-km offset at positive offsets on shots 3-4 and at negative offsets on shots 5-10, (2) it underlies Pg arrivals that turn above the LVZ, and (3) the combination of its velocity and thickness results in a delay of~0.5 s. From these constraints, we modeled a subhorizontal layer that deepens toward the south with a velocity~5.5 km/s. The structure we model is broadly consistent with a structure at similar depths inferred from modeling of receiver functions (Parker et al., 2015) and from nearby COCORP reflection seismic data (Cook & Vasudevan, 2006) . This represents a relatively thick, high-velocity end-member of the family of models that could satisfy the observed traveltime delay, which we considered most geologically likely. However, we note that a thinner, lower-velocity layer could also satisfy our observations. The lower crust along Line 2 has a simple velocity structure with velocities generally ranging from 6.2 to 6.95 km/s. These velocities do not permit large volumes of mafic magmatic intrusions (e.g., Christensen & Mooney, 1995) . Middle to lower crustal (>10 km or below the LVZ) velocities gently increase toward the southeastern end of the line, including maximum velocities of 7.15 km/s at 300-km distance, which implies a southward increase in any mafic magmatic addition. The Moho in the northwestern part of the line is deepest at~39-km depth and shallows abruptly to~34 km at 150-km distance, and then continues to shallow slightly to 300-km distance. Tradeoffs in the thickness versus interval velocity of the LVZ in the upper crust add uncertainty in the Moho depth beneath the LVZ, and the depth could be~1 km shallower for a slower and thinner LVZ. The Moho in our model is consistently a few kilometers shallower than the Moho determined from a regional analysis of EarthScope data (Schmandt et al., 2015) but compares favorably with other wide-angle studies in the region. In the Carolina Terrane (at distances of~80-120 km on Line 2), for example, average crustal thicknesses of~38 km and average crustal velocities of 6.4 km/s are similar to crustal thicknesses of 37-39 km and average velocities of 6.5-6.6 km/s previously determined within the high-grade Kiokee belt of the Carolina Terrane (Hawman, 1996; Hawman et al., 2012) .
Multiple crustal thickness estimates show the Moho shallowing and the crust thinning to the southeast (Parker et al., 2013 (Parker et al., , 2016 Schmandt et al., 2015) . SsPmp constraints from SESAME data estimate crustal thickness beneath the coastal plain at 29.8 ± 2.0 km with an average crustal velocity of 6.5 ± 0.1 km/s (Parker et al., 2016) . In comparison, estimates from the portion of the SUGAR seismic line beneath the coastal plain where Moho depth is resolved (130-350 km) suggest an average crustal thickness of 32.4 km but the same average basement velocity to 0.1 km/s precision. Variations in crustal thickness may reflect 10.1029/2019JB017611
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differences in the locations and/or resolutions of the two data sets. Our higher-resolution constraints on Moho topography, however, show more concentrated shallowing at 150 km and then gradual crustal thinning toward the SE compared to prior crustal thickness estimates (Schmandt et al., 2015) . The onset of this shallowing Moho coincides with the increase in sediment thickness and the Higgins-Zietz boundary.
Upper mantle velocities are constrained at line distances~100-350 km by Pn arrivals. Velocities at line distances between~150 and 300 km range from~7.8 to 8.0 km/s, and velocities between~100-150 and 300-350 km range from~8.0 to 8.3 km/s. Figure 8b shows the final V S model for the upper crust. Figures 6 and 7 show examples of arrival picks, the picks predicted by the final velocity model, and the rays traced through the model. This model has a chisquare value of 1.6 and an RMS misfit of 87 ms. (Figure 8a ). 
Upper Crustal V S and V P /V S
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1.65-1.7 than values to the south, which are 1.7-1.75. These values reflect the fact that, while both upper crustal V P and V S were higher to the north, the values of V S increased more relative to V P . Values of V P / V S in this upper crustal model compare favorably with prior estimates of upper crustal V P /V S using mine blasts that were largely in the range of 1.68-1.74 (Hawman et al., 2012) .
Constraints on V P /V S in the LVZ and Lower Crust
In order to constrain V S and V P /V S of the LVZ and lower crust where the S arrivals do not provide sufficient constraints to warrant a full tomographic inversion, we calculated predicted traveltimes and misfit with observed traveltimes for different constant V P /V S values in the layer of interest. We constructed V S models using the V S model for upper crust (section 4.2) and calculating V S below from the V P model (section 4.1) assuming a constant V P /V S for the layer of interest. To estimate V P /V S of the LVZ, we held other parts of the model fixed and varied V P /V S in the LVZ from 1.6 to 2.5. The V S for the upper crust was taken from the final V S model (Figure 8c ), and V S for the lower crust was calculated assuming a V P /V S ratio of 1.739 (determined as described below to be an appropriate fit). We calculated the misfit of the Sg arrivals below the LVZ on Shots 4 and 5 like those shown in Figure 6 at offsets < −40 km. Figure 9a shows that V P /V S values between 1.85 and 2.25 provide an RMS error less than 0.15 s, and the best fit is observed at a V P /V S of 2.0. From our data, we would not expect to resolve heterogeneities in the LVZ, so this analysis is designed to estimate average layer properties. Because this forward modeling test simplifies the fact that the LVZ is likely heterogeneous, and there is uncertainty in the pick arrivals, we consider V P /V S values that produce an RMS misfit below 0.15 to fit the data reasonably well. This range of plausible values is consistent with Figure 9 . RMS error versus assumed V P /V S ratio for (a) the low-velocity zone, assuming a lower crust V P /V S of 1.739, and (c) the lower crust, assuming a low-velocity zone V P /V S of 2.0, where the gray highlighted portion represents the parameters that present an acceptable fit to the data. (b) V P /V S measurements from Paleozoic sedimentary rocks inferred to form the Appalachian detachment (Johnston & Christensen, 1992) . (d) White bars show the histogram of SiO 2 content for a range of compositions (Hacker et al., 2015; Huang et al., 2013) , and green bars show which of those samples have calculated V P between 6.25 and 7.0 km/s and V P /V S between 1.73 and 1.74 at 1 GPa and 500°C (Hacker et al., 2015) , consistent with seismic constraints from SUwannee suture and GeorgiA Rift basin Line 2. RMS = root-mean-square.
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Using the upper crustal V S model and an assumed V P /V S of the LVZ of 2.0, we performed a similar analysis to determine the best fitting constant V P / V S for the lower crust based on SmS picks on Shots 4, 5, 6, 10, and 12. The results in Figure 9c show that the lower crust is best fit by a V P /V S ratio in the range of 1.73-1.74, where we observe an RMS misfit <0.4 s. These relatively low lower crustal V P /V S values are consistent with the low whole crust V P /V S values of 1.69-1.72 measured beneath the Carolina Terrane using receiver functions from SESAME broadband seismic data (Parker et al., 2013) . At higher and lower V P /V S values, the RMS misfit rises sharply, though the relatively high RMS misfit even at V P /V S of 1.735 likely reflects heterogeneity in lower crustal V P /V S that is not captured by a constant lower crust V P /V S value. The white bars in Figure 9d show the distribution of SiO 2 values for a range of granulite and amphibolite-facies terrain and xenolith compositions (Hacker et al., 2015; Huang et al., 2013) for which seismic velocities were calculated with Perple_X at 1 GPa and 500° (Hacker et al., 2015) . The green bars show the subset of those compositions with V P between 6.25 and 7.0 km/s and V P /V S between 1.73 and 1.74, consistent with seismic velocities observed in the middle to lower crust on SUGAR Line 2. Because these compositions all have between 50% and 70% SiO 2 , we can infer that the lower crust beneath Line 2 has an average intermediate to felsic, not mafic, composition.
Model Uncertainty and Resolution
The uncertainty and resolution of the tomographic models depends strongly on ray coverage resulting from traveltime picks. Figure 10 shows the derivative weight sum (DWS) for the V P and V S models, which reflects the density of ray coverage at each given point in the model. DWS values in the V P model are highest in the upper crust and have nonzero values down to the upper mantle. In the V S model, DWS values are high in the upper crust down to~5-10 km at line distances of 40-280 km, with very little ray coverage outside this region.
In addition to raypath density, the diagonal of the resolution matrix quantifies the degree to which a given point in the inverted velocity model is smearing a broader area in the true model (van Avendonk et al., 2004) . This depends on ray coverage and on inversion parameters including damping, smoothing, vertical versus horizontal regularization, and velocity versus layer boundary regularization. We use the resolution matrix to assess how well different sized elliptical features in the model are resolved with the methods in van Avendonk et al. (2011) for the V P model of the upper crust (Figure 11) , lower crust and mantle (Figure 12) , and V S model of the upper crust ( Figure 13) . Portions of the model not constrained by ray coverage are shaded in gray. In this analysis, resolution values >0.5 indicate that an anomaly of the given size is resolvable by the inversion given the data (van Avendonk et al., 2011) . Figure 11 shows that 10 × 2-km upper crustal V P anomalies are well resolved, which is more than adequate to constrain the upper crustal velocity contrasts on either side of the BMA and Higgins-Zietz boundary.
We run a similar set of resolution tests for the joint inversion of the lower crustal velocity, Moho depth, and upper mantle velocity, using larger ellipses because velocity resolution decreases in the deeper portions of 
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the model. Figure 12 shows that velocity anomalies in the lower crust and upper mantle are well resolved at spatial scales of 40 × 8 km in the center of the model, and of 80 × 16 km toward the edges of the model; lower resolution is expected near the edges of the model due to less ray coverage and the absence of reversed ray coverage. The Moho interface is best resolved at the center of the velocity model, where it is constrained by reversed ray coverage. Interpreting the resolution of the Moho interface in relation to lower crust and upper mantle velocities is not straightforward because a smaller number of rays refract through the lower crust, reducing velocity constraints in this part of the model. Thus, there are tradeoffs between increasing the velocity of the lower crust and increasing the Moho depth to fit PmP arrivals and the onset of Pn. Figure 13 shows resolution tests for the upper crust V S model using the same three length scales tested for the upper crust V P model in Figure 11 . These resolution tests show that our data resolve velocity anomalies at spatial scales of at least 10 × 2 km through most portions of the model with ray coverage. The model resolution is highest at the top of the crust and at distances between 60 and 280 km. Because our constraints on sediment structure are limited to traveltime delays until the onset of Sg, one source of uncertainty that is not reflected in these resolution tests is the sediment velocity structure. The onset of near-offset Sg constrains average V S structure in the sediments near shots where we picked Sg (2-12; line distances 40-280 km), but the sediment structure is less constrained between shots and is poorly constrained south of Shot 12.
Because the LVZ is an important but prescribed model feature, it is important to discuss (1) the influence of this feature on surrounding velocities and (2) constraints on the feature itself. Outside the LVZ, the density of Pg ray coverage above and below the LVZ is a strong indicator of the sensitivity to the depth and geometry of the LVZ. In particular, velocities above the LVZ are well constrained by Pg arrivals and are unlikely to change significantly in response to changing the position of the LVZ in ways that are consistent with the data. These arrivals also place some constraints on the depth to the top of the LVZ. There are uncertainties in the thickness and V P , V S , and V P /V S of the LVZ due to tradeoffs between thickness and velocity, and in the extent of the LVZ due to~20-to 30km shot spacing. We thus integrate indirect observations from SUGAR data and other data sets to develop our preferred model (section 3.4). The relative delays in P and S wave arrivals constrain V P /V S within the LVZ in a way that is relatively independent of the exact placement of the LVZ. Agreement between the properties of the LVZ from our data and other studies (e.g., Cook & Vasudevan, 2006; Johnston & Christensen, 1992; Parker et al., 2015) supports the constraints that we do place on the seismic properties of the LVZ. Finally, the LVZ increases uncertainty in the underlying crustal velocities compared to other parts of the model (Figure 10) , particularly in the northernmost part of the model where there is less reversed ray coverage. In summary, despite inherent challenges associated with LVZs, we are able to develop a geologically reasonable model for LVZ structure and geometry using constraints from SUGAR data and other complementary data sets.
Discussion
The velocity models presented above are the first detailed crustal velocity models that extend across the Inner Piedmont, Carolina Terrane, a couple of possible Paleozoic sutures from past orogenies, and the 
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Mesozoic South Georgia Rift Basin. The crustal velocity structure on Line 2 provides new constraints on (1) the terrane composition and style of terrane accretion that formed the southern Appalachians, (2) the relationships between preexisting weak suture zones and extension that formed the South Georgia Basin, and (3) how these orogenic and rift-related structures influence the locations of earthquakes in this region today. 5.1.1 
Terrane Accretion in the Southern Appalachians
. Velocity Changes Between Terranes
Velocities from SUGAR Line 2 provide new constraints on the physical properties of the accreted terranes, the boundaries between terranes, and the detachment beneath them. Here we combine these observations with existing constraints from structural and compositional analysis of rocks at the Earth's surface to the north of coastal plain and from drill sites within the coastal plain, reflection seismic data, receiver functions, and a patchwork of wide-angle refraction seismic constraints from mine blasts. Our new model, combined with these complementary data sets, shows that there is a contrast in upper crustal composition that aligns approximately with the Higgins-Zietz boundary and that, to the north of this boundary, relatively high-velocity terranes that are~3-5 km thick overlie a reflective, low-velocity and/or anisotropic layer interpreted to be a detachment.
The northern end of Line 2 crosses the Inner Piedmont and Carolina terranes (e.g., Hatcher et al., 2007; Secor et al., 1983) . In relation to terrane boundaries based on surface geology, the upper crust beneath Shots 2, 3, and 4 is associated with the Inner Piedmont and the upper crust beneath Shots 5 and 6 is associated with the Carolina terrane (Figures 1 and 14a ). Analysis of surface geology suggests that the Inner Piedmont is characterized by high-grade metamorphic rocks and mafic rocks (Goldsmith et al., 1988; Griffin, 1971) . Rock assemblages include sillimanite-grade rocks in the core of the Inner Piedmont and less metamorphosed kyanite-grade rocks dominated by amphibolite and granitoid gneiss at the northwestern and southeastern flanks. The Carolina Terrane, located southeast of the Inner Piedmont, is an amalgam of multiple subterranes that likely docked onto Laurentia together (Hibbard et al., 2002) and includes metavolcanic rocks associated with a primitive island arc sequence (Whitney et al., 1978) . The metamorphic grade of rocks varies between subterranes, but amphibolite facies rocks are observed in the Charlotte belt and greenschist facies rocks in the Carolina Slate Belt (e.g., Secor et al., 1986; Shervais et al., 2003) .
In the V P and V S models, upper crustal velocities of terranes north of the Higgins-Zietz boundary, especially the Inner Piedmont terrane, are higher than those to the southeast, which is consistent with the relatively high metamorphic grade of the Inner Piedmont. V P of upper crust decreases from 6.0-6.3 km/s beneath Shots 2-4 in the Inner Piedmont to 5.9-6.1 km/s at comparable depths south of the Higgins-Zietz boundary (Figure 2) . V S also decreases to the south of the Higgins-Zietz boundary, and V P /V S increases. The contrast in V P /V S from north to south might be related to differences in porosity and/or quartz content, both of which change V P /V S .
Overall, V P /V S values from this study are within 0.05 of the values calculated in prior work by dividing the arrival times of P and S arrivals on individual traces from mine blasts (Hawman et al., 2012) . The sparse data analyzed by this prior work, however, could not identify a change in V P /V S across the Higgins-Zietz boundary. The linear geometry and denser source-receiver spacing from the SUGAR experiment allow us to base V P /V S measurements on 2-D velocity models and do not assume that the P and S arrival on a given trace traveled through the same path through the crust.
Remarkably, we do not observe any significant changes in V P associated with the BMA. We do not have constraints on V S south of the BMA so cannot assess any possible changes in V S or V P /V S across the BMA.
Our observation of a significant change in upper crustal velocity at the Higgins-Zietz boundary is consistent with recent analysis that points to it as the location of the suture that separates pre-Alleghanian Laurentia 
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Journal of Geophysical Research: Solid Earth from the terranes that docked onto the Laurentian margin during the Alleghanian assembly of Pangea. Receiver function imaging from the SESAME project has revealed a dipping structure that appears to shallow at the Higgins-Zietz boundary (Figure 14c ; Hopper et al., 2017) . Additional evidence for this boundary comes from constraints on the northwestern extent of undeformed sediments in the Gondwanan-affinity Paleozoic Suwannee Basin from legacy seismic and well data (Boote & Knapp, 2016) . Because the Suwannee basin predates the Alleghanian orogeny and extends, undeformed, northwest of the BMA, the suture zone between Laurentia and Gondwana should also be located northwest of the BMA. These findings suggest that the contrast in V P /V S across the Higgins-Zietz boundary characterizes a contrast in upper crust composition between the Gondwanan terranes in the southeast and the highgrade metamorphosed rocks and mafic arc rocks to the northwest.
Seismic Properties of the Appalachian Detachment
The LVZ in the V P model provides an additional constraint on the properties of the detachment over which the Inner Piedmont and Carolina Terranes accreted onto Laurentia. Figure 14 shows images of the SUGAR Line 2 V P model converted from depth to TWTT (Cook & Vasudevan, 2006) , the uninterpreted COCORP reflection seismic data, and the S to P receiver function CCP (common conversion point) stack from Line B of the SESAME experiment (Hopper et al., 2017) . Although the three data sets sample similar geologic structures, the map inset shows they are not colocated, which could account for the relatively small differences in the depth or time to a given structure. The northern portions of all three data sets show a layer in the shallow crust at~5-km depth that dips slightly to the southeast. Between the three data sets, characteristics of this feature include that (1) the layer introduces a~0.5-s traveltime delay in P wave refraction Figure 14 . Constraints on the structure of the Appalachian detachment from three geophysical data sets from this region, which are close together but not exactly colocated. (a) Appalachian detachment is a low-velocity zone in the SUGAR V P model. The z axis is converted to TWTT for direct comparison with nearby COCORP reflection seismic data, plotted above the velocity model. The positive velocity gradient from plot (c) is shown approximately by the thick gray line. Velocities are plotted with the same color bar as in Figure 5 , and white circles above the velocity model show shot locations. (b) Uninterpreted COCORP reflection seismic data lines GA-1, GA-5, and GA-8 (Cook & Vasudevan, 2006) , showing the Appalachian detachment as a slightly SE dipping reflective, laminated layer at~2-4 s TWTT. (c) S to P receiver function CCP stack for line B from the SESAME experiment (Hopper et al., 2017) , showing the detachment as a south dipping positive velocity gradient at~5-to 15-km depth. (d) Map of the relative locations of the three data sets. Green and yellow stars on all panels show crossings between the profiles. SUGAR = SUwannee suture and GeorgiA Rift basin; TWTT = two-way traveltime; COCORConsortium for Continental Reflection Profiling; SESAME = Southeastern Suture of the Appalachian Margin Experiment.
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Journal of Geophysical Research: Solid Earth seismic data (Figures 4a and 4b) , limiting its thickness to <2 km, (2) it is a reflective layer in the multichannel seismic reflection data (e.g., Cook & Vasudevan, 2006) , and (3) it generates a positive velocity gradient in the receiver function image (Hopper et al., 2017) . The fact that the detachment layer generates a positive velocity gradient and an LVZ is consistent with the interpretation from Hopper et al. (2017) of the boundary being radially anisotropic. Alternatively, or additionally, the receiver functions may be more sensitive to the increase in velocities at the base of this layer compared with the decrease in velocities at the top of it. In addition to the seismic data shown in Figure 14 , forward models to fit P-SV converted phases required an LVZ in the V S structure starting at~5-km depth beneath the Inner Piedmont and 12-km depth beneath the Carolina terrane (Parker et al., 2015) . Heat flow data from the Appalachian Ultradeep Core Hole site are also consistent with a detachment depth of~5 km (Costain & Decker, 1987) .
The properties of the low-velocity, anisotropic layer of deformed metasediments inferred from seismic data are consistent with laboratory measurements of the metasediments that outcrop in the Valley and Ridge, thought to underlie the Appalachian accreted terranes (Johnston & Christensen, 1992) . Some of these samples have low P wave velocities between 4.0 and 6.0 km/s. Additionally, in these rocks, anisotropy ranges from 0% to 60%, with most samples having anisotropy between 0% and 10%.
Approaching the Higgins-Zietz boundary at a distance of 100-120 km (Figures 2 and 14) , the detachment layer appears to dip more steeply in all data sets. Farther south, receiver functions are interpreted to indicate that the detachment continues into the midcrust and extends near-horizontally beyond the BMA and into Florida (Hopper et al., 2017) . However, the LVZ observed in the SUGAR data appears to terminate at the Higgins-Zietz boundary and not continue farther south. COCORP seismic reflection data include some subhorizontal reflections at a similar depth to the midcrustal feature in the receiver function images south of the Higgins-Zietz (Cook & Vasudevan, 2006) but do not include any reflections as bright and continuous as those marking the Appalachian detachment to the north of the Higgins-Zietz boundary. It is important to note that north of the Higgins-Zietz boundary, the detachment underlies the Inner Piedmont and Carolina terranes and was most active during the Neoacadian orogeny when the Cat Square terrane of the Inner Piedmont and the Carolina Terrane accreted onto Laurentia (Bream et al., 2004; Carrigan et al., 2003; Huebner et al., 2017) , though it likely reactivated and was subject to significant displacement during the later Alleghenian orogeny (Hibbard, 2000) . If the Higgins-Zietz boundary does indeed mark the Alleghanian suture, any detachment to the south of this boundary would underlie the Charleston and Suwanee terranes and would have only been active during the Alleghenian orogeny.
There are three possible end-member explanations for why we do not observe evidence in SUGAR refraction seismic data for the midcrustal detachment southeast of the Higgins-Zietz boundary: (1) SUGAR data do not sample an LVZ associated with this detachment because the layer is too deep in the crust or the crustal refractions are sampling the LVZ fast axis (horizontally); (2) the properties of the midcrustal detachment change where it deepens and underlies the Charleston and Suwannee terranes south of the Higgins-Zietz boundary such that we do not observe it (Figures 15b-15d ); or (3) the detachment that underlies the Inner Piedmont and Carolina terranes does not continue south of the Higgins-Zietz boundary (Figures 15e-15 g) . The first scenario is unlikely because we observe Pg to large offsets and would expect to see a shadow zone if an LVZ persisted farther south and to greater depths.
Option (2) suggests that even though the Appalachian suture is a continuous feature, its seismic properties change along its length such that it can be divided into two components. The portion north of the Higgins-Zietz boundary reflects terrane accretion onto the Laurentian margin primarily during the Neoacadian orogeny, where metasedimentary passive margin sediments generate the reflective, high V P /V S and low-velocity layer beneath the Inner Piedmont and Carolina terranes. The southern section, which is not observed in our refraction seismic data, may represent a more metamorphosed and seismically faster sedimentary layer, and/or a midcrustal shear zone formed as the Charleston and Suwannee terranes were thrust onto Laurentia during the Alleghenian orogeny (Hopper et al., 2017) . In this case, velocity variations at the shorter scale lengths important for generating continuous, high-amplitude reflections in active source data may not be present. This scenario is also consistent with the laterally continuous velocities in the middle and lower crust, which do not show any sharp changes that might be expected across a steeply dipping boundary and thus could imply a continuation of Laurentian crust to the south.
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Option (3) interprets the southward termination of the LVZ in our model and the bright, continuous reflection in COCORP reflection data to mean that the detachment does not continue farther south and is instead truncated by a steeply dipping Alleghenian suture, as inferred by Cook & Vasudevan (2006;  Figure 15 ). A steeply dipping structure was imaged in COCORP seismic data near the Higgins-Zietz boundary in western Georgia where it merges with the BMA and interpreted as the Alleghenian suture (McBride, 1991) , but no steeply dipping structures are imaged in any of the regional passive or active source seismic imaging studies at the Higgins-Zietz boundary in eastern Georgia where it is separate from the BMA (Cook & Vasudevan, 2006; McBride, 1991) . Instead, steeply dipping reflections are only observed farther south beneath the BMA. Steeply dipping structures are challenging to image with seismic reflection techniques, so it is possible that such a feature is present beneath the Higgins-Zietz boundary but not imaged. Small earthquakes described in section 5.3 do appear to occur in a relatively steeply dipping band consistent with a near-vertical suture. This option, however, requires another explanation for the prominent midcrustal structure observed in receiver functions (Hopper et al., 2017; e.g ., that it is a relict feature from a previous tectonic event).
The results from SUGAR Line 2, alone, cannot distinguish between these two end-member options. In either case, it is interesting to note that we do not observe a relatively fast midcrustal layer in our V P model that would be predicted by a radially anisotropic midcrustal layer interpreted from the receiver function images.
The geological record of the Alleghenian orogeny in the southeastern United States provides clues that are interpreted to support either significant orthogonal collision (e.g., Hatcher, 2002) that could be consistent with a gently dipping detachment or transpression (e.g., Pollock et al., 2012; Secor et al., 1986 ) that would be consistent with a steeply dipping structure. Many reconstructions include multiple phases of deformation (e.g., strike-slip deformation followed orthogonal collision; Hatcher, 2010) . Here we briefly summarize a couple of key lines of geological evidence for each end-member. Alleghenian-aged metamorphism and deformation is observed over a large lateral extent in the eastern United States, consistent with significant orthogonal collision (e.g., Hnat & van der Pluijm, 2014; Tull et al., 2007) . On the other hand, a transpressional regime is interpreted based on structural analysis and isotopic dating of Alleghanian shear zones (Gates et al., 1986 (Gates et al., , 1988 and the lack of evidence for subduction-related magmatism (Mueller et al., 2014) . Some reconstructions involve strike-slip deformation throughout the orogen during the earlier phases, followed by continued strike-slip deformation in the northern Appalachians and more thrust deformation in the southern Appalachians as collision occurred from north to south and Gondwana swung into Laurentia (Hatcher, 2002 (Hatcher, , 2010 .
If hundreds of kilometers of collision occurred along a gently dipping detachment at~20-to 30-km depth, as interpreted by Hopper et al. (2017) , what happened to the Gondwanan and Laurentian lower crust and upper mantle? As described by Hopper et al. (2017) , low-grade andalusite-bearing shales from boreholes southeast of the suture limit the burial depths of rocks presently at the surface to~10 km (Milton, 1972) . This limits the thickness of Gondwanan crust above the suture at the time of convergence to <30 km. Geodynamic models suggest that if the lower crust is weak enough or thick enough, it can decouple from the upper crust and delaminate (Chemenda et al., 2000) . Some of the Laurentian crust beneath the imaged midcrustal detachment would also need to have been removed through delamination or other processes to reach its present-day thickness. The Pb isotope geochemistry of CAMP dikes in the southeastern United States has been interpreted to include lower crust contamination of the mantle magma source (Callegaro et al., 2013; Marzoli et al., 2018; Whalen et al., 2015) , which could reflect such removal of Laurentian lower crust. Despite the geodynamic questions above that are raised by this interpretation, it is difficult to ignore the fact that images of some modern orogenies like the Himalayas include shallow, gently dipping detachments similar to the one interpreted by Hopper et al. (2017) in the southern Appalachians (Schulte-Pelkum et al., 2005) .
In summary, the geometry of the Alleghenian suture and the style of orogenesis remain uncertain and controversial. While the SUGAR Line 2 results provide strong evidence for the manifestation of the Alleghenian suture in the upper crust, they cannot directly constrain its geometry at depth. Based on geological evidence for both strike-slip and collisional deformation during the Alleghenian orogeny and given the prominence and continuity of a major midcrustal feature imaged by receiver functions over a large region, we favor a model involving earlier strike-slip deformation followed by collision to form a gently dipping midcrustal detachment (Option 2). However, the data presented here are also consistent with Option 3; thus, we cannot rule it out.
Relationship Between Suture Zones and Rift Localization
The patterns in crustal thickness, crustal velocities, and basin structure can be used to examine the influence of preexisting structures on rifting and magmatism. At~120-km distance on Line 2, we observe the Riddleville rift basin, an increase in V P /V S indicating a change in upper crustal properties across the Higgins-Zietz boundary, which we interpret as the Alleghanian suture, and a decrease in crustal thickness (Figure 2) . These observations suggest that extension localized along either the Alleghanian boundary marked by the Higgins-Zietz boundary or in the accreted crust to the south.
Although magmatism can be an important factor in facilitating rifting by weakening the lithosphere (Buck, 2006) , there is limited evidence for significant magmatic addition along Line 2, particularly beneath the South Georgia Basin. Mafic synrift magmatic intrusions would increase the seismic velocity of the crust, and estimates for the velocity of intruded mafic rocks based on offshore seismic observations range from 7.2 to 7.5 km/s (Lizarralde et al., 1994; Trehu et al., 1989) . Although a mix of intruded mafic rocks and the original lower crust might result in lower crust velocities less than 7.2 km/s, there is no localized increase in lower crustal velocity beneath the primary rift basins of the South Georgia Rift or near the suture zone, and lower crust velocities are almost entirely <7.0 km/s. These observations suggest that synrift magmatism was limited during extension to form the South Georgia Basin. This interpretation is consistent with the relative timing of extension that formed the South Georgia Basin and the dates of magmatic intrusions in the southeastern United States. The timing of rifting inferred from dates on sediments in the South Georgia Basin is~230-205 Ma (Withjack et al., 2012) , while high-resolution dates on magmatic intrusions from 10.1029/2019JB017611 Journal of Geophysical Research: Solid Earth this time period are from CAMP at~201 Ma (Blackburn et al., 2013; Callegaro et al., 2013) . It also implies that there was not volumetrically significant magmatic addition to the crust after rifting during CAMP. We do observe a gentle increase in middle to lower crustal velocities toward the Georgia coast at the southeastern end of the seismic line. The simplest explanation for this increase given its location is the emplacement of some mafic magmatic intrusions during continental breakup.
There are two end-member mechanisms through which rifting may have localized in relation to the Alleghanian suture. In the first mechanism, extension may have exploited an orogenic fault zone at the Higgins-Zietz boundary. The main uncertainty with this mechanism is that the geometry of the Alleghenian structure(s) at depth is (are) uncertain, as described in the previous section. If steeply dipping structures that penetrate much of the crust are present, these may be well oriented to be reactivated during extension. Alternatively, extensional faulting could have exploited shallow contrasts in crustal properties and weaknesses associated with a shallow, gently dipping structure. The second mechanism through which extension might have been localized by preexisting structures is through the concentration of strain within the Suwannee and Charleston terranes. In this scenario, the rheological properties of these terranes may have made them easier to extend than the Laurentian crust, both during the formation of the South Georgia Basin and during the breakup of Pangea. We cannot distinguish between these two possibilities, but our observation of crustal thinning focused south of the Higgins-Zietz boundary implies a control by the configuration created by orogenesis on later rift development.
The crust remains relatively thin to the southeastern extent of the seismic line. We interpret this pattern as the result of two stages of thinning. During the first stage, extension to form South Georgia Basin was localized beneath Riddleville basin and the other rift basin at 250 km in the model. In the second stage, later extension that lead to rupture of Pangea further thinned crust nearest to the rifted margin on the southeastern end of our seismic line.
Controls of the Appalachian Detachment on Central Georgia Seismicity
The southeastern United States is seismically active today with a principal stress orientation that reflects a balance between stresses from glacial isostatic adjustment and ridge push from the Mid-Atlantic Ridge. In central Georgia, the maximum horizontal stresses are oriented in the azimuth range 51-65° (Zoback, 1992) . Based on available data, the maximum horizontal stress orientation favors reactivating thrust faults with trends oriented approximately NW/SE and strike slip faults with trends approximately 30°from the maximum horizontal stress direction listed above.
Seismic activity in the SE United States is poorly understood, and prior studies have suggested multiple possible controls, including higher uplift rates near Atlanta, GA (Bollinger, 1973) , the increase in dip or southeastern termination of the Appalachian detachment (Seeber & Armbruster, 1981) , and structural weakening induced by elevating the water table . Events from the CERI (Center for Earthquake Research and Information) earthquake catalog (http://www.memphis.edu/ceri/seismic/catalog.php) between 1974 and January 2018 are projected onto the V P model for Line 2 in Figure 16 to show the relationship between local seismicity and preexisting tectonic structures. Local seismicity concentrates where the Appalachian detachment dips most steeply in multiple data sets (Figure 14 ), including our model, and near a southeast dipping fault that bounds the Riddleville basin (Petersen et al., 1984) . The colocation of seismicity with these two important features in our model indicates they may exert a control on modern seismicity. However, depending on the geometry of rifting and orogenic structures at depth, which are not well constrained by this study, the mechanism may be more complicated than simply reactivating either of these structures (Figure 15 ). Additional controlling factors may include the formation of new faults that selectively use portions of nonideally orienting preexisting fault planes (e.g., the most steeply dipping portion of the Appalachian detachment; e.g., Pratt et al., 2015; Viola et al., 2004) or that local perturbations to the stress field by preexisting faults promote faulting near these features (e.g., Morley, 2010).
Conclusions
In this paper, we present 2-D V P and V S crustal velocity models from SUGAR Line 2 that extend from the Inner Piedmont to near the Georgia coast. These velocity models provide new constraints on the crustal structures that formed in the Appalachians over multiple orogenies and the role of those structures in localizing subsequent rifting and present-day seismicity. Figure 15 shows the sequence of events that we interpret to have shaped the crust along Line 2. First, we interpret changes in V P , V S , and V P /V S in the upper crust at the Higgins-Zietz boundary as further supporting evidence that this is the Alleghanian suture between pre-Alleghanian Laurentia (Figure 15a ) and the Brunswick/Charleston and Suwanee terranes that collided into Laurentia during the Alleghanian orogeny (Figures 15b and 15e ). The Inner Piedmont and Carolina terranes north of the Higgins-Zietz boundary lie above an interpreted metasedimentary detachment at~5-km depth. The shallowing Moho and synrift basin located just south of the change in properties at the Higgins-Zietz boundary suggest that rifting that formed the South Georgia Basin~230-205 Ma localized either at the suture or in the accreted terranes to the south (Figures 15c and 15f) . Surprisingly, there is limited evidence in the crustal velocity structure for magmatic intrusions, despite the widespread evidence for CAMP magmatism in near-surface geological and geophysical data onshore (Chowns & Williams, 1983; McBride et al., 1989) and in crustal velocity models offshore (Lizarralde et al., 1994) . After this early phase of rifting and CAMP magmatism, the successful breakup of Pangea appears to have further thinned the crust at the southern end of SUGAR Line 2 (Figures 15d and 15 g) . Today, a steeply dipping zone of seismicity in central Georgia that extends from the near surface to the lower crust cuts across the Appalachian detachment at the Alleghanian suture, which coincides with where the detachment dips most steeply and the northern edge of the South Georgia Rift Basin. This suggests that present-day intraplate stresses and seismicity may localize on or near the Alleghanian suture and/or faults bounding the northern edge of the South Georgia Rift.
